The knowledge of the spin diffusion length, λA, is a prerequisite for the estimation of the spin Hall angle of appropriate materials. We investigate the spin current absorption of materials with a short λA using AuW stripes inserted in Cu-based lateral spin-valves. Width variations of the AuW stripe lead to drastic changes of the spin absorption which cannot be explained by a conventional analysis. We show that the spin-current polarization and the spin accumulation attenuation in Cu in the vicinity of the spin absorber must be precisely taken into account for an accurate estimation of λA. We propose an analytical extension for the standard diffusion model of spin transport and spin absorption based on the existence of an effective spin diffusion length for Cu being in direct contact with AuW . The calculations are supported by numerical investigations which allow to extract proper values of λA.
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I. INTRODUCTION.
Most of recent developments in spin-orbitronics have drawn an increased attention to the possibility of the efficient control of magnetization, the creation of a lateral charge current through bulk and/or surface properties involving strong spinorbit interactions as well as spin-orbit assistedscattering [1] [2] [3] [4] [5] . New synthesized materials exhibiting large Spin Hall Angles (SHA) via their intrinsic and extrinsic properties [6] [7] [8] [9] [10] [11] [12] [13] , as well as carefully engineered Rashba-type interfaces [14, 15] and particular Fermi surface topologies [16] have opened an access to an efficient spin-to-charge current conversion. Moreover, the conversion ratio can be precisely tuned either by controlling the impurity level [17] [18] [19] [20] , gate voltage control [21, 22] , or even through magnetization control by a transverse spin absorption at spin-active magnetic insulator interfaces [23] .
Combined methods such as Ferromagnetic Resonance -Spin-Pumping [24] [25] [26] , Spin TorqueFerromagnetic Resonance [13] , second harmonic Hall effect measurements [27] or Lateral Spin Valves (LSV ) [28] give access to the SHA. However, concerning e. g. Pt, the reported values are spread over one order of magnitude [29] . Moreover, in order to accurately estimate the SHA or the intrinsic spin Hall conductivity of a given material, its spin diffusion length (SDL) must be known. This can be achieved either by comparative nonlocal spin signal measurements (spin sink experiments) or by the examination of the thickness dependence of combined spin Hall effect (SHE) and spin-pumping experiments [29] [30] [31] [32] . However, at the nanometer scale, the latter method appears to be really challenging due to possible lack of film Figure 1 . Scanning electron microscope image of a typical lateral spin valve nano-device fabricated using multi-angle evaporation technique with inserted AuW spin absorber nano-wire [34] .
continuity for small thicknesses which are necessary for characterization of a short SDL. This precludes the use of this technique for thinnest layers. In contrast, LSV designed for non-local spin-sink experiments provide an alternative which has already been proven to be efficient for short SDL materials [28, 33] . In order to extract the SDL, simulations by Finite Element Method (F EM ) is a pertinent approach [10] . Nevertheless, the exact knowledge of spin-current pathways in the limit of a short λ A requires a heavy mesh density and large computation power in the case of lateral inhomogeneous structures displayed here.
In this paper we present a series of experimental data from LSV with the inserted metallic AuW absorber exhibiting an extrinsic spin-Hall effect [35] as well as a refined spin-absorption data analysis. In the present work the concentration of W reaches 13.8% in an the Au host. The improved analysis is based on an extended 1-dimensional (1D) spin absorption model taking into account the varying spin-current polarization and spin accumulation profiles along the spin-absorber of the width w A . We demonstrate that for the short SDL of AuW , more exactly when w A becomes comparable to the effective SDL of the non-magnetic channel (N = Cu), the lateral spread of both spincurrent polarization and spin-accumulation along the spin-flow direction needs to be considered beyond the standard point-contact model. We show that these exact profile shapes become a relevant parameter when the spin-resistance of the spin-absorber R A becomes smaller than a certain threshold value involving the spin-resistance of the non-magnetic channel R N itself. We show that it can lead to significant errors in the evaluation of λ A reaching more than 90% in the present case. We then propose a new criterium for the validity of the standard point-contact model, demonstrating that the situation is generally more complex. That means that a significant correction may be required even in the limit of a long SDL of the non-magnetic material λ N . We develop an extended model in the limit of full interface transparency i.e. neglecting any interface resistances, taking into account a necessary renormalization of λ N nearby the contact region. We then extract a robust value of λ A = 1.25 nm for AuW 13.8% alloys independent of the contact width w A .
II. EXPERIMENTAL DETAILS.
In our experiments we consider metallic LSV with transparent interfaces. The transparent interfaces are inferred from a 4-point measurement of each interface resistance, being of the order of 1f Ω.m 2 or smaller. Fig. 1 represents a scanning electron microscope image of a typical LSV device fabricated using the multi-angle nano-fabrication technique [34] , where the red color represents the ferromagnetic (F ) injector made of P y, the yellow one the nonmagnetic channel made of Cu and the green one the spin-sink or spin-absorber (A) material. First, the middle AuW 13.8% wire is deposited on a SiO 2 substrate using sputtering and lift-off technique, followed by the nanofabrication of a P y/Cu LSV . In-between these two steps the middle wire surface is cleaned using Ar ion-milling. The P y, Cu and AuW nanowires are respectively 20 nm, 77 nm and 30 nm thick (t stands for the thickness). Their width is fixed to 50 nm with the exception of the AuW 13.8% nanowire which width was varied in a series of samples corresponding to w A = 45, 95, 195 nm in order to study the spin absorption. The distance separating the ferromagnetic electrodes is L = 600 nm (from the center-to the center), whereas the spin-sink is placed exactly in the center. The device geometry as well as characteristic material resistivities, spin-current polarization and SDL extracted from complementary measurements are given in Table I In these experiments, we follow the same protocol as for the SDL evaluation presented in our previous work [35, 36] . Non-local measurements have been performed for two types of lateral nanodevices: the regular non-local device [ Fig. 2(a) ] without spin-sink used as the reference and the non-local device containing a AuW 13.8% wire inserted in-between the two ferromagnetic injectors [ Fig.2(b) ]. As a result, clear spin-signals were observed for both: the reference (in blue) and absorption (in red) devices. Their amplitudes were measured to be ∆R ref = 1.45 mΩ and ∆R abs = 0.22 mΩ for w A = 45 nm [ Fig. 2(c) ]. The drop of the signal for the absorption device compared to the reference device indicates an efficient absorption of spin accumulation by the AuW wire and a strong reduction of the spin-current reducing thus the overall magnetoresistance (M R), as expected. Also, the amplitude of the spin-signal was studied as a function of the AuW nano-wire width, yielding ∆R abs = 220 µΩ, 19.5 µΩ, 5.6 µΩ for w A = 45, 140, 195 nm respectively. One can observe a clear decay of ∆R abs when increasing the absorber width w A [ Fig. 2(d) ]. We define η as the ratio between the M R measured with and without the spin-absorber which manifests the efficiency of the spin-absorption i.e. η = ∆R abs /∆R ref .
III. STANDARD ANALYSIS.
By comparing ∆R abs with ∆R ref and using the resistivity of the inserted AuW wire ρ A = 1040 Ω nm [36] , one can give a first rough evaluation of its spin diffusion length. For this purpose, the commonly used 1D point-contact model [9, 10] is employed [37] . As a rule, we define the spin resistances for the ferromagnets, the non-magnet and the spin absorber respectively as: R Figure 2 . Schematic representations of spin-sink experiment for (a) reference (without AuW wire) and (b) absorption (with inserted AuW wire) nano-devices measured in the non-local probe configuration; (c) Nonlocal measurements of reference (blue) and absorption (red) devices recorded at T = 9 K for ferromagnetic electrode separation of L = 600 nm (from the center of P y1 to the center of P y2) and wA = 45 nm; (d) Amplitude of the spin signal of the absorption device in the non-local probe configuration as a function of the AuW nanowire width.
. P F represents the bulk spin-polarization of P y injectors. The values of λ A extracted from such conventional analysis vs. w A are summarized in Table II Contrary to what might be expected, different values of λ A are deduced vs. w A for the same W concentration. In particular, for the larger AuW wire an extremely short λ A of about 0.1 nm is found. This has no real physical meaning except indicating a larger spin absorption estimated this way. What is the main reason for that? As the width of the spin-sink increases, the assumption of a point-contact spin-sink (its schematic representation using the spin-resistor model [38] is shown on Fig. 3(a) ) ceases to be valid due to the spatial variation of spin-current and spin-accumulation profiles in N . Indeed, the apparent decrease of λ A vs. w A can be understood when one considers that the rate of spin-absorption is strongly inhomogeneous along the contact. This gives rise, in average, to different apparent values of SDL in A, instead of the real physical ones. Moreover, we will show that a refined analysis is necessary well before the intuitive condition w A λ N is reached because of a shorter effective SDL in that region. We refer to the standard approach and formula given in Ref. [28] as the point-contact model.
Our refined effective SDL approach is illustrated in Fig. 3(b) and its validity will be checked numerically. It originates from the Spin-Resistor scheme described in details elsewhere [38] and is based on the important following fundamentals:
i ) The spin-absorption in the spin-sink, at the level of the Cu/AuW interface, originates from spin-diffusion/relaxation processes along the direction normal to the junction. This is the general way to consider the spin-current dissipation in the standard Valet-Fert approach [39] , extended in the present case to LSV structures. The important physical parameters involved are the spin-flip resistance (with calligraphic notations) which, for thin layer, differs from the spin-resistance itself according to the general formula R s = ρ[λ s ] 2 /V sf . λ s is the SDL and V sf is the total spin-flip volume in each media, R N for the channel and R A for the spin-sink. In the particular geometry of a long λ N and short λ A (compared to thickness),
is the effective contact (spin-flip) area. In other type of spin-injection experiments, the enhancement factor λ N /t N appearing above in the expression of R N is also responsible for the increase of the spin-signal at oxide-semiconductor interfaces (the Hanle effect) in the limit of a long spin-flip time τ sf ∝ [λ N ] 2 [40] as well as in graphene-based devices for spin-amplification as we pointed out in Ref. [41] . The case R N R A corresponds to a majority spin-relaxation in N whereas R A R N corresponds to a majority spin-relaxation in A. One may expect a strong correction to occur in the analysis when the condition R A R N is realized, i.e. when spins have a large access to the spin-sink material. This condition matches with the condition
will be recovered below from pure analytical analysis.
ii ) The amount of spin diffusion/relaxation process (spin-current exchange at interfaces) depends on the possible spin-accumulation profile along the in-plane spin-flow direction within the nonmagnetic channel. This particular feature is not addressed in the standard point-contact model in lateral devices. In order to address this issue, an effective SDL in the contact region should be defined (this work). The alternative consists in a numerical procedure via discretization of the spinsink region into several elements and performed in the frame of the point-contact model adapted to these multielements. The solution can be implemented using the transfer matrix method. The two methods, effective SDL and matrix numerical discretization, will be shown to give identical results.
iii ) From the general arguments developed above, once one admits that the amount of spinabsorption linearly depends on the integrated spin-accumulation profile, one can expect an uprenormalization of the spin-absorption by a certain factor.
iv ) The method will be proven to be valid if one ignores any possible lateral spin-current in the spin-absorber itself (case of very short λ A ). This particular assumption, often justified in case of a strong spin-absorber, gives an upper bound of the normalization to consider for the determination of the effective SDL in N , λ * N . Indeed, the opposite limit of a very long λ A compared to its width w A undoubtedly leads to the condition w A λ * N ruling out any necessary renormalization. iv ) In this work, we disregard possible discretization effects in the regions of the outward ferromagnetic F injectors. However, a width of F of the order of the effective SDL will also require similar treatment as for the spin-absorber. We have checked, that the improved method adapted also to the F injectors leads only to minor changes in the spin-signals for the present study.
IV. REFINED ANALYSIS: THE EFFECTIVE SDL MODEL.
First, we consider the analytical problem of a spin-sink of width w A and λ A in contact with a non-magnetic channel of thickness t N and λ N . This part of the system may be viewed as a unique media (non-magnetic channel) described by an effective SDL [ Fig. 3(a) Figure 3 . Schematic representation (in the frame of the spin resistor approach) of (a) the point-contact and (b) the effective SDL with two SHE resistor approaches represented at the bottom. Profiles of the spin accumulation (top) and the current spin polarization (bottom) for the point-contact (dash-dot), the transfer Matrix (dash) and the effective SDL (solid line) models for (c-d) Non-Local and (e-f ) Giant Magneto-Resistance (GM R) measurement configurations. Notations AP and P stand for the anti-parallel and parallel magnetic configurations of the Py injector/detector. The position of the injector (P y1) and the detector (P y2) as well as the spin absorber (Absorber) are identified by vertical lines.
and describes the spin-current continuity equation,
2 ] as follows:
where we have assumed a thickness t N well smaller than λ N . J s,y is the vertical spin current density at the N/A interface. The spin current density along the lateral direction, J s,x is derived from the spin-accumulation profile according to:
As for the vertical spin current density at the interface, it can be obtained through the following relationship while neglecting lateral spin current inside the spin-sink:
which describes a total spin-current dissipation in the spin-sink by spin-flip processes. We have also neglected any possible interface resistance which effect would have been to make spin-accumulation discontinuous at either side of the interface. We derive:
(1)
which is the equation we are looking for. The effective SDL in the spin-sink region equals λ *
which expresses a reduction of the spin-diffusion length as
This corresponds to the condition derived from simple arguments, as presented in part III. It is then expected that a renormalization will become necessary for contact width w A λ * N with λ * N 35 nm in the present case. We are now going to demonstrate how the varying spin-accumulation and spin-current profiles in the non-magnetic channel N may affect (enhance) the spin-absorption process and how they are responsible for the drop of the spin-signal M R.
A. Spin-accumulation and spin-current profiles
We first discuss the issues of spin-accumulation and spin-current polarization profiles along the Cu channel. Concerning the numerical procedure, we discretize the AuW contact into a collection of at least 9 same elements of equivalent size over the whole experimental series (45 to 195 nm width), sufficient to converge towards a common robust value for the SDL. Each discrete element is then of a maximum lateral size of 20 nm for the largest wire which will correspond to about λ * N /2 20 nm. We have compared both the spin-accumulation and spin-current polarization profiles for the cases of a non-local [ Fig. 3(b) ] and GM R (two-contact) probe configurations [41] with w A = 195 nm [42] .
These are displayed on Fig. 3(c-f) . Both calculations, effective SDL and matrix numerical discretization, lead to the exact same profiles proving the validity of the effective SDL method. We also checked that this match is valid for every geometry considered. In particular, in the non-local geometry these calculations emphasize a decrease of 70% of the level of spin accumulation at the center of the spin-sink [ Fig. 3(c) ] compared to the standard approach together with a strong increase of the spin-current by 93% [ Fig. 3(d) ] at the same point due to the shorter effective SDL. However, in a standard 2-point GM R configuration the spinaccumulation decreases by about 50% in the AP state [inset Fig. 3(e) ] whereas the spin-current polarization drops by 90% [inset of Fig. 3(f) ] in the P A state. This should be correlated to a total decrease of the spin-signal ∆R = 2P ↑↑ ∆µ ↑↓ [41] (↑↑, ↑↓ represent the P A and AP states respectively [43] ) by about 95% compared to the conventional point-contact analysis. The conclusion is that the point-contact approach obviously fails in the determination of both the spin-current polarization and spin-accumulation profiles.
B. Spin-signals and Magnetoresistance
In order to get more insight into the limits of validity of the point-contact model, we have compared the normalized spin signal η = ∆R abs. ∆R ref.
vs. the absorber width w A for both the point-contact and the effective SDL models. Fig. 4(a) displays, in each case, the calculated spin-resistance vs. w A for three different SDLs denoted by different colors. This plot highlights important differences between the point-contact and effective SDL especially for the case of short λ A and in the limit where w A ≥ λ * N . For the larger nanowires i.e. w A = 200 nm the difference in the η can reach 95% leading to an incorrect value of λ A ∼ 0.1 nm. One may notice significant differences for all λ N < 2 µm while keeping R N constant. These differences are however not so pronounced if one considers a longer SDL in the absorber λ A ∼ 12.5 nm when using λ N ∼ 1.5 µm and keeping R N constant. We come to the conclusion that the geometrical renormalization of the spin signal leading to an increase of the spin absorption is necessary in the case of a short λ A (1.25 nm in the present case) even if λ N is large up to 1.5 µm. Fig. 4(b) displays the fit of the experimental data of η as a function of w A , by using the effective SDL (green line). The black and blue lines represent the case of different λ A using the same model. They are displayed to demonstrate the high precision we get by using the refined analysis on λ A . We highlight that a single and robust value of λ A Table I. is obtained for three experimental data-points, as summarized in Table II and that the extrapolation to w A = 0 nm allows to recover the spin-signal of the reference device ∆R ref = 1.45 mΩ.
C. Trends for the geometrical renormalization
What are the main trends of the effective SDL model? One may define the effective resistance to spin-flip in the absorber region as R *
and the ratio r = R A /R N . The effective SDL will have a large effect for r 1. We note respectively the two series-resistances D = R * is the ratio between the spinsignals for absorption and reference devices respectively. The effective spin-flip surface area in AuW is proportional to w A in the point-contact model and 2λ * N in the real situation (effective SDL). We propose the following rules for the determination of λ A in the limit of a small resistance-to-spin-flip R A R N (or equivalently r 1). This limit gives also D * = D.
i ) Renormalization of the standard 1D pointcontact model is necessary when w A λ *
, in the region of the spin-absorber A.
ii ) The polarisation of the spin-current P ↑↑ in the P A state at the center of the spin-absorber approaches P
iii ) The level of spin-accumulation ∆µ ↑↓ in the AP state at the center of the spin-absorber approaches ∆µ
iv ) The effective surface of spin absorption is S * A = w N w A and S * A = 2w N λ * N for the pointcontact and the effective SDL models respectively.
↑↑ ∆µ ↑↓ . From the two upper relationships, we have
vi ) The use of the point-contact model leads to a systematic underestimation of λ A for w A > λ * N towards a smaller apparent value λ * A . The ratio between apparent and real values of SDL in A approaches the ratio of η according to
vii ) At constant resistivity ρ N , the larger λ N is the larger is the effect of the renormalization by the effective SDL model. From Eq. [2] , the effective SDL λ * N saturates to a constant value for large values of λ N above ρ A ρ N λ A t N which makes the renormalization insensitive to λ N in that region. Accordingly, the error becomes independent of λ N above viii ) In the fitting procedures, one may consider the case of a constant spin-resistance R N and variable λ N (e. g. by varying continuously ρ N oppositely to λ N when the latter is changed). In that case the effective SDL λ * N follows the variation of λ N from Eq. [2] . Here, the smaller λ N is the larger is the effect of the renormalization to perform. Calculations were made for the case of a short λ A = 1.25 nm [Fig. 5 ]. More generally, the differences between the point-contact and the effective SDL models depend strongly on several parameters and a general description of their limits cannot be simply given, as illustrated in Fig. 5 in the case of a short λ A (1.25 nm in the present case even in the case of a long λ N (up to 1500 nm)). ix ) One can give an exact literal expression of the spin-signal in the case of the extended spin-sink (or the effective SDL model) placed in between the two ferromagnetic injectors F (see Appendix). 
V. CONCLUSIONS
In conclusion, we emphasize that the extraction of the SDL should be carefully addressed, particularly when the spin accumulation and spincurrent polarization profiles along the width of a spin absorber cannot be considered uniform any longer for large spin-sink sizes and especially for small λ A . We have addressed this issue by developing adapted models taking into account this variation. The validity of this approach was experimentally proven by studying the absorption of the spin accumulation as a function of the AuW 13.8% spin-absorber width in non-local spin valve experiments. We have demonstrated that the geometrical effects have to be considered with caution in the analysis of the spin-signals in non-local and local geometry for spin-sink experiments and we have refined the 1D model accordingly. Finally, we have presented a unique method which is well adapted to precisely determine short spin diffusion lengths by studying the width dependence of the spin current absorption in lateral spin valves with the inserted spin-absorber.
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VI. APPENDIX
The mathematical expressions for the spin signal for the 3 different systems: the reference LSV without spin-absorber, the LSV with absorber within the point-contact scheme and the LSV with absorber within the effective SDL approach are expressed in the framework of the Spin-Resistor model like developed in details in Ref. [38] :
• The spin signal of the reference lateral structure (without spin-absorber) can be written in a matrix form as follows:
. It corresponds to the well known expression given in Ref. [28, 44] .
• For the device with an inserted spinabsorber (considering the point-contact assumption for the spin-absorber), one can define the spin-signal as:
, in the limit of a short spin diffusion length in the ferromagnets F and the spin-absorber [45] .
• For the device with an inserted spinsink (considering the extended effective SDL model) one gets: where the required coefficients are given by:
The spin resistances used above are defined as:
, where the effective spin diffusion length is:
. The factors 2 in the fractions of R * F and RA appears because Kimura et al. have considered the 2 branches of the F and A wires. However, since the spin diffusion lengths of these material are short, the sections for the resistance are the cross area and should be counted only once.
